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a  b  s  t  r  a  c  t
To  examine  whether  mossy  ﬁbers  (MFs)  in  the  cerebellar  hemisphere  show  delay  activity,  we  recorded
MF activity  during  a wrist  movement  task  with  a random  instructed  delay  period  in  two  monkeys.  Among
155 task-related  MFs,  70 MFs (45%)  demonstrated  signiﬁcant  delay  activity.  Those  MFs  were widely  dis-
tributed  in the cerebellar  hemisphere.  Some  of the  activities  were  evoked  by  instruction  cue  presentation,vailable online 1 August 2014
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whereas  other  activity  started  in  anticipation  of the  upcoming  go signal.  For  most  MFs,  the  delay  activities
showed  directional  tuning.  These  patterns  of the  activity  were  in  common  with  those  of neurons  in the
cerebral  motor  cortices.
©  2014  The  Authors.  Published  by Elsevier  Ireland  Ltd.  This  is an  open  access  article  under  the CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/3.0/).otor control
elay period
Some neurons in the primary motor cortex (M1) and premo-
or cortex (PM) show prolonged activity between instruction cue
resentation and go signal, i.e. delay period activity (Tanji and
varts, 1976; Weinrich and Wise, 1982; Kurata and Wise, 1988;
rammond and Kalaska, 1994; Kakei et al., 1999, 2001; Nakayama
t al., 2008; Kurata, 2010). This activity is thought to be involved
n motor planning and/or preparation for upcoming movement
Hoshi and Tanji, 2002). Considering that the cerebral motor cor-
ices send projections to many brain regions, the delay activity
ay  be conveyed to those regions. The hemispheric portions of the
erebellum are a major target of projections from the motor cor-
ices (Kelly and Strick, 2003). This part of the cerebellum receives
rimary inputs from motor cortices via pontine nuclei (PN), and
he ponto-cerebellar tract terminates as mossy ﬁbers (MFs) in the
ranular layer in the cerebellar cortex. Therefore, MF  activity is
hought to be modulated by inputs from motor cortices. To exam-
ne whether the delay activity is maintained in inputs from motor
ortices to the cerebellum, we investigated MF  activity during the
elay period of a motor task.
∗ Corresponding author at: Motor Disorders Project, Tokyo Metropolitan Institute
f  Medical Science, 2-1-6 Kamikitazawa, Setagaya-ku, Tokyo 156-8506, Japan.
el.: +81 368342343; fax: +81 353163150.
E-mail address: ishikawa-tk@igakuken.or.jp (T. Ishikawa).
ttp://dx.doi.org/10.1016/j.neures.2014.07.006
168-0102/© 2014 The Authors. Published by Elsevier Ireland Ltd. This is an open
icenses/by-nc-nd/3.0/).We  trained two monkeys to perform step-tracking movements
of the wrist with a random instructed delay period. Detailed exper-
imental procedures were described in a previous paper (Kakei et al.,
1999). Brieﬂy, monkeys sat in a primate chair and faced a monitor
that displayed a cursor and a target. Their right forearm was  ﬁxed
in the pronated posture, and they grasped a manipulandum which
interfaced wrist angle and position of the cursor. The monkeys
began the task by placing the cursor in the center target. After a
variable hold period (800–1200 ms), a peripheral target appeared
(instruction cue). The peripheral target was randomly selected from
eight possible locations spaced at 45◦ intervals. Following a vari-
able delay period (1000–2000 ms), the center target disappeared
(go signal). Duration of the delay period was  adjusted to be dis-
tributed within the range so that mean duration of the late delay
period should be ∼500 ms  (see Fig. 2A). Monkeys were allowed
500 ms  to initiate a movement and another 500 ms  to complete
the movement from the center to peripheral target. Each success-
ful movement was  rewarded with a drop of juice. We  recorded
MF activity from the ipsilateral cerebellar hemisphere with glass-
coated Elgiloy electrodes (0.8–1.8 M).  MF  activity was  identiﬁed
based on their characteristic spike waveform (see Fig. 1D in van
Kan et al., 1993). MF  activities exhibited a short positive-negative
potential followed by a longer negative afterwave as shown in
previous studies (Walsh et al., 1974; Bourbonnais et al., 1986;
Taylor et al., 1987). Because the negative afterwave is considered
 access article under the CC BY-NC-ND license (http://creativecommons.org/
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Fig. 1. Three representative types of delay activity in MFs  during delay period. (A–C) Raster plots are aligned on the time of instruction cue presentation. Plots for individual
trials  are sorted by the duration of delay period from top to bottom. (A) MF  with an increase in activity triggered by instruction cue presentation in a representative movement
direction. The activity change started in the early delay period (0–1000 ms  after instruction cue presentation). Black ﬁlled triangles above the raster plots indicate the possible
timing  of the earliest and the latest go signal. Averaged ﬁring rates in the blue shaded area of ‘early delay period’ (from 300 to 800 ms  after instruction cue presentation)
and  the red shaded area (the ‘late delay period’ starting at 1000 ms  after instruction cue) were used to calculate the signiﬁcance of activity change in each delay period. Red
triangles  indicate the timing of the go signal. (B) MF  with increase in activity in the late delay period (more than 1000 ms after instruction cue presentation). (C) MF  with
decrease in activity during the early and late delay periods. Velocity of the wrist movement (D) and electromyogram of the extensor carpi ulnaris (E) recorded simultaneously
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For  interpretation of the references to color in this ﬁgure legend, the reader is refe
o represent an excitatory postsynaptic potential in granule cells
Walsh et al., 1974), it is highly likely that we  recorded the MF
pikes near glomeruli. After recording unit activities, we exam-
ned the peripheral receptive ﬁelds (RFs) of recorded MFs. We
sed passive movements and palpation or brushing of the ﬁn-
ers, forearm, upper arm, shoulder, neck, chest, abdomen, back,
ace, and leg on both sides of the body to search for somatosen-
ory afferent input. We  estimated the location of the primary
ssure from an MRI  image and made recordings mainly from lob-
les V to VI, where granule cells receive projections from the arm
rea of M1  (Kelly and Strick, 2003) via MFs. All animal experi-
entation was conducted in accordance with the Guide for the
are and Use of Laboratory Animals (National Research Council,
ashington, DC: National Academy Press, 1996) and the Guid-
ng Principles for the Care and Use of Animals in the Field of
hysiological Sciences (The Physiological Society of Japan, revised
001). All surgical and experimental protocols were approved by
he Animal Care and Use Committee of Tokyo Metropolitan Insti-
ute of Medical Science, and all efforts were made to minimize
uffering.e muscle. Both velocity and EMG  activity showed little change before the go signal.
 the web  version of the article.)
We recorded 230 MFs  showing clear and reproducible modu-
lation of activity during the task (150 and 80 from monkeys M
and S). In order to exclude MFs  that may  not be directly linked to
wrist movement, we  eliminated MFs  with RFs outside the ipsilat-
eral forearm. Thus, this study included 155 task-related MFs (105
and 50 from monkeys M and S). All 155 MFs  showed modula-
tion of activity between instruction cue presentation and go signal
and/or phasic activity at movement onset. Because the go signal
did not appear during the initial 1000 ms  of the instruction period,
we used 1000 ms  after instruction cue presentation as a boundary
to separate the delay period into two  time windows. We  deﬁned
the time period 1000 ms  from instruction cue presentation as the
‘early delay period’ and the remaining delay period before the go
signal as the ‘late delay period’. Therefore, the duration of the late
delay period ranged from 0 to 1000 ms  and varied from trial to trial.
We looked for signiﬁcant changes in modulation during the delay
periods by comparing the mean ± 2SD of averaged ﬁring rate during
the 500 ms  (10 bins of 50 ms  width) before instruction cue presen-
tation with the mean ﬁring rates in the early and late delay periods
(blue and red shaded areas in Fig. 1A). Because the late delay period
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Fig. 2. Directional tuning of representative MF  activity during the delay period. (A) Raster plots of directionally-tuned MF  activity in eight directions. Red triangles indicate
the  timing of go signal. UP: upward, RT: right, DN: downward, LT: left. UP, DN, LF and RT correspond to extension, ﬂexion, radial deviation and ulnar deviation of the wrist
joint,  respectively. (B) Percentage of MFs  showing directionally tuned activity in three time windows, indicated as I–III. I: 300–800 ms  after Instruction cue presentation. II:
1000  ms  after Instruction cue to go signal. III: −100 to 0 ms  before movement onset. Percentages were 45.7, 81.4 and 87.1 in periods I, II and III, respectively. Averaged ﬁring
rate  in each time window was  calculated in eight directions and the signiﬁcance of directionality was examined using a Rayleigh test. (C) Polar plots of activity during time
windows II (solid line) and III (dotted line) in two  MFs. Arrows indicate PD of the activity in each time window. Left panel shows an example of MF  activity that did not show
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aried in duration, the mean ﬁring rate in the late delay period was
alculated by dividing total number of spikes by total duration of
he late delay period.
We  found that 70 MFs  (49 and 21 from monkeys M and S) among
he 155 task-related MFs  (45%) showed a signiﬁcant increase or
ecrease of activity during the delay period for one or more move-
ent directions. It should be noted that MFs  often showed different
atterns of modulation, depending on movement direction. Forty-
ix of 70 MFs  showed an increase in the early delay period (Fig. 1A),
nd 68/70 MFs  showed an increase in the late delay period (Fig. 1B)
n at least one movement direction. On the other hand, 47/70 MFs
howed signiﬁcant suppression of activity in one or both delay
eriods (Fig. 1C). Onset and/or offset of the suppressions were often
nclear because of low ﬁring rate and gradual modulation change.
odulation changes that started in the early delay period either
ecayed in the late delay period or continued beyond the go sig-
al. Modulation changes that started in the late delay period were
ustained beyond the go signal. No MFs  showed phasic activity
haracterized as a visual response to cue presentation. During the
elay period, cursor position remained stable, as shown by the lack
f change in velocity and muscle activity (Fig. 1D and E).
The different patterns of delay activity among the eight move-
ent directions in individual MFs  resulted mainly from directional
uning of the activity. As an example, the MF  illustrated in Fig. 2A
howed a signiﬁcant increase of activity in three directions (DR,
N, and DL), with no signiﬁcant modulation in other directions,
uring the early delay period. This pattern derived from signiﬁ-
ant directional tuning (Rayleigh test, p = 0.05) of the MF  activity.
ther directionally-tuned MF  activity contained both increases and
ecreases or only decreases of activity among the eight directions.
verall, 32 and 57 MFs  showed signiﬁcant directionality in the early
nd late delay periods, respectively (Fig. 2B). The number of MFs
howing directional tuning rose further around movement onsetange of PD between the two time periods. (For interpretation of the references to
(n = 61, Fig. 2B). In each period, the distribution of preferred direc-
tions (PDs) was  not signiﬁcantly biased (Rayleigh test, p = 0.05).
Twenty-seven MFs  showed directional tuning in both delay
periods, and the PD of the activity for 25/27 MFs  remained within
the 95% conﬁdence interval during both periods (bootstrapping
test, 10,000 repetitions). In addition, 48 MFs  showed directional
tuning in both the late delay period and right before movement
onset. Most of these (n = 41/48) did not show a signiﬁcant change of
PD between periods (Fig. 2C left). Only seven MFs  had a signiﬁcant
change of PD between late delay and movement periods (Fig. 2C
right). Overall, PDs remained constant throughout the task for most
MFs. A few MFs  (n = 3) had uniform modulation in all directions and
consequently were non-directional.
Most MFs  (n = 55/70, ∼80%) showed a relationship between the
duration of the delay period and their delay activity (Fig. 3A). That
is, we  observed a signiﬁcant correlation between the duration of
the late delay period and spike frequency in the last 200 ms of the
delay period in one or more directions (Fig. 3B, Pearson’s corre-
lation coefﬁcient, p = 0.05). The correlation was either positive or
negative, independent of movement direction, for most of these
MFs  (51/55). Considering that a longer delay period resulted in a
larger modulation change and vice versa, this result may  suggest
that the MF  activity right before the go signal is involved in either
predicting or preparing for an upcoming event. However, we did
not observe a modulation change right before instruction cue pre-
sentation, even though the instruction cue also was  predictable.
This makes it unlikely that the late delay activity is predicting the
timing of the go signal. Rather, we  interpret the late delay activity of
MFs  as a motor preparatory signal in anticipation of the upcoming
go signal.
All MFs  with delay activity also showed a modulation change
around movement onset in one or more directions (Fig. 3C). The
activity pattern (onset/offset, duration and size of modulation)
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Fig. 3. Change of MF  activity before and after go signal. (A) A representative MF that showed a high correlation between the duration of the late delay period and frequency
of  spikes in the last 200 ms  of the delay period. The regression line is shown. Left plot shows a positive correlation for down-right movements and right plot shows a negative
correlation for leftward movements. (B) Histogram of the highest correlation coefﬁcient for each MF.  Filled squares indicate MFs  with signiﬁcant (p < 0.05) correlations. (C)
Representative activity patterns of a MF  aligned on movement onset. Raster plots of each trial were sorted by reaction time from top to bottom. Red triangles indicate the
timing of the go signal. MFs  showed either a burst or pause that started before or after movement onset. Both types of activity were observed in individual MFs. (D) Scatter
plot  showing instantaneous change of ﬁring rate calculated from data aligned on the go signal vs. data aligned on movement onset. For this analysis, we used histograms
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epended on movement direction. Onset or offset of the modu-
ation was time-locked to movement onset rather than to the go
ignal (Fig. 3D, t-test, p = 0.01), even though the modulation started
efore the go signal. Therefore, the prolonged change of activity
eyond the go signal is likely related to movement execution.
The MFs  showing delay activity reported in this study had clear
omatosensory RFs in the ipsilateral forearm and/or hand and
ngers, although a few MFs  did not respond to somatosensory stim-
lation. In both monkeys, the MFs  were distributed as a large cluster
ver lobules V and VI and overlapped MFs  with RFs in the proxi-
al  part of the arm. MFs  with RFs in the leg and orofacial area were
istributed rostrally and caudally (Fig. 4A). Thus, the MFs  displayed
 rostro-caudal arrangement of leg, forelimb and orofacial regions
nd matched the generally-accepted somatotopy of the cerebellar
ortex (Adrian, 1943). The distributions of MFs  with and without
elay activity did not differ (Fig. 4B).
This is the ﬁrst report of MFs  showing prolonged activity in a
elay period before movement execution. Those MFs  were widely
istributed in the cerebellar hemisphere where major afferent
nputs derive from M1  and PM (Kelly and Strick, 2003; Lu et al.,
007; Hashimoto et al., 2010). In our previous studies, we reported
hat neurons in ventral PM and M1  demonstrated modulation
f activity during the delay period in the same task conditions
Kakei et al., 1999, 2001). Therefore, the delay activity in MFs  mayng rate between neighboring bins for each alignment. The scatter plot shows the
 for each MF. This analysis demonstrates that the activity change was  time-locked
 reader is referred to the web version of the article.)
originate from PM and M1.  Indeed, we  found that there were com-
mon  features in the delay activity of M1/PM neurons and the MFs.
First, as observed in PM and M1  (Tanji and Evarts, 1976; Weinrich
and Wise, 1982; Kurata and Wise, 1988; Crammond and Kalaska,
1994; Nakayama et al., 2008; Kurata, 2010), most MFs  had delay
activity triggered by instruction cue presentation. Second, many
MFs  showed modulation changes that started more than 1000 ms
after instruction cue presentation, i.e., after the earliest timing of go
signal. Similar anticipatory activity was  observed after the earliest
timing of the go signal in PM neurons in previous studies (Fig. 13
in Weinrich et al., 1984; Fig. 3C in Kurata, 2010). Third, prolonged
delay period activity beyond the go signal was signiﬁcantly modu-
lated in relation to movement execution, similar to that in PM and
M1 (Crammond and Kalaska, 2000). Fourth, the activities of most
MFs  showed directional tuning, as observed in M1/PM neurons in
the same task condition (Kakei et al., 1999, 2001). Overall, we  found
that the patterns of delay activity in PM and/or M1 were surpris-
ingly well-preserved in the recorded MF  activity. Though we have
no direct evidence that the MFs  described here originated from
the cortical motor areas, the delay activity could not be evoked if
the MFs  originated from spinal cord. As shown in Fig. 1D and E,
there was  little or no change in movement kinematics and mus-
cle activity during the delay period. Therefore, we concluded that
the recorded delay activity of MFs  was  cortico-ponto-cerebellar
88 T. Ishikawa et al. / Neuroscience Research 87 (2014) 84–89
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elay  activity (red dots) in monkey M.  Similar maps were obtained from monkey S. 
stimated from MRI  image in monkey M.  (For interpretation of the references to co
nput that likely originated from M1  and PM.  Considering the inten-
ive divergence and convergence of the cortico-pontine projection
Schwarz and Thier, 1995; Bjaalie et al., 1997; Brodal and Bjaalie,
997), it was assumed that the original spatio-temporal patterns of
ortical inputs would be transformed to generate integrated repre-
entations in the PN. Nevertheless, we found that delay activities of
Fs  basically resembled activities of PM or M1  neurons (Kakei et al.,
999, 2001), and furthermore, somatosensory RFs of the MFs  were
ather localized. These observations suggest that each PN neuron
eceives inputs from a limited number of motor cortical neurons
hat have similar activity patterns and maintain their RFs.
M1 and PM project to the cerebellum via PN, and the den-
ate nucleus (DN), the output channel of the hemispheric part
f the cerebellum, sends output to the motor cortices via motor
halamus. In the cerebro-cerebellar loop, delay period activities
ere observed in M1/PM (Tanji and Evarts, 1976; Weinrich and
ise, 1982; Kurata and Wise, 1988; Crammond and Kalaska, 1994;
akei et al., 1999, 2001; Nakayama et al., 2008; Kurata, 2010), in
utative PN (as MFs, present study) and in the motor thalamus
Kurata, 2005) during an arm movement task. We  also observed
elay activity of DN neurons in the same task used here (unpub-
ished observations). The delay period activity in DN is compatible
ith a recent report by Ashmore and Sommer (2013), which indicate MFs with RFs in distal part of the ipsilateral arm (), proximal part of the
on of the primary ﬁssure. (B) Map of MFs  with delay activity (blue dots) and without
rsal view of the cerebellar hemisphere and the center of the recording chamber (+)
this ﬁgure legend, the reader is referred to the web version of the article.)
demonstrated delay activity of saccade-related neurons in caudal
DN. These ﬁndings suggest that the concomitant delay activities
along the whole cerebro-cerebellar loop may  play an important
role for planning and/or preparation for upcoming movement.
Indeed, dysfunction of the cerebellum caused by ablation or cool-
ing resulted in a delay in the activation of M1  neurons and
in the onset of EMG  activity and movement (Meyer-Lohmann
et al., 1977; Sasaki et al., 1981) during a limb movement task in
monkeys. Impaired cerebellar activity may  prevent the develop-
ment of delay activity that facilitates prompt activation of M1/PM
neurons and smooth initiation of movement. Examination of this
hypothesis is one of the important challenges for our future
studies.
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